In this study we report the integration of an all-optical ultrasound probe and robotic manipulator. The alloptical ultrasound probe comprised two optical fibres, a MWCNT/PDMS composite coated multimode fibre for ultrasound generation, and a concave Fabry-Pérot fibre optic hydrophone for ultrasound reception. The ultrasound probe generated pressures in excess of 2 MPa at 1.5 mm, with a corresponding −6 dB bandwidth of ca. 30 MHz. The probe was built into a rigid endoscope (outer diameter: 5 mm, length: 300 mm) and mounted on a robotic manipulator. Ultrasound A-lines were acquired during robot manipulation in order to reconstruct a 3D image which was displayed as a point cloud. Large area images (80 × 80 mm) of a tissue mimicking gel wax phantom where acquired and displayed in real-time. This work demonstrates the potential for integrating miniature fibre optic ultrasound devices with robotics.
INTRODUCTION
High resolution imaging from miniaturised devices is desirable for guiding minimally invasive surgical procedures. All-optical ultrasound (OpUS) is emerging as an imaging paradigm well-suited for these applications. Here, ultrasound is both generated and received using light. For ultrasound generation pulsed or modulated light is absorbed by an optically absorbing material; the subsequent heating of the material leads to a pressure rise which propagates as an ultrasound wave. 1 For optical ultrasound reception interferometric methods can be used, here the impinging ultrasound waves cause deformations in resonant structures that are optically monitored. 2 These optical methods can provide high sensitivity and broad ultrasound bandwidths, as well as immunity to electromagnetic interference. 3, 4 The use of optical fibres in OpUS probes has enabled highly miniaturised ultrasound imaging devices capable of 2D 3 and 3D imaging. 2, 5 In a recent study one such device was integrated into a needle to provide real-time M-mode imaging during an in vivo experiment. 4 Further, real-time rotational imaging using optical fibres has been demonstrated on ex vivo swine carotid arteries. 6 Additionally, the combination of all-optical robotics has demonstrated the potential for its use to provide feedback and improve robotic control. 7 In this study we combined a robotic manipulator with a fibre optic ultrasound probe, which comprised a nanocomposite coated multimode fibre for ultrasound generation and a concave Fabry-Pérot fibre optic hydrophone for ultrasound reception. The ultrasound probe was built into a custom rigid endoscope and a custom computer interface was used to acquire and display ultrasound A-lines in real-time during robot manipulation. Using pre-planned robotic trajectories, 3D imaging of a tissue mimicking phantom was carried out. 
DEVICE DESIGN AND OPERATION

All-optical ultrasound probe
The OpUS probe comprised two optical fibres: a 400 µm core diameter multimode fibre coated with a multi-walled carbon nanotube (MWCNT) and polydimethylsiloxane (PDMS) composite coating to generate ultrasound, 5 and a single mode (SMF-28) fibre coated with a concave Fabry-Pérot hydrophone to receive ultrasound. 2 The two fibres were held adjacent, with the distal end surfaces aligned, using heat shrink tubing and then inserted into polymethylpentene tubing for protection, resulting in an imaging probe diameter of just 1.2 mm ( Figure 1 ). Ultrasound was generated photoacoustically using a Q-switched Nd:YAG laser (DSS-1064 Q, Crylas, Germany) with a pulse energy of 20 µJ, a pulse width of 1.6 ns, and a wavelength of 1064 nm. The Fabry-Pérot fibre optic hydrophone was interrogated using a continuous wave tunable laser (TSL-550, Santec, UK) via a circulator. The reflected optical signal was measured using a photodiode. The low frequency component of the reflected optical signal was used to track the optimum bias point of the sensor. The high frequency component of the reflection, which was encoded with the received ultrasound, was digitised at 62.5 MS/s (M4i.4420-x8, Spectrum, Germany). The optical ultrasound probe generated pressures > 2 MPa at a distance of 1.5 mm, with a corresponding −6 dB bandwidth of ca. 30 MHz. The axial resolution of the device was ca. 60 µm. 4 The acquired ultrasound A-lines were band-pass filtered (Butterworth, 4 th order, 3 − 25 MHz) to reduce the noise, prior to cross-talk removal. 3 Subsequently the signal envelope was found using a Hilbert transform and then a log transform was applied for display. The maximum values along each A-scan were extracted, and displayed as a point cloud for 3D viewing.
Endoscope design
The rigid endoscope comprised a stainless steel tube (outer diameter: 5 mm, length: 300 mm) with a custom 3D printed end cap. The 3D printed end cap had an eccentric hole, with space to fit a 1.3 mm diameter device (working channel) next to a 1.7 mm diameter device (ultrasound probe) ( Figure 1 ). The endoscope was fixed to the robotic manipulator (KUKA LBR iiwa 14 R820, KUKA AG, Germany) using a custom 3D printed mount.
Interface and control
The robotic manipulator was controlled using the Fast Robotic Interface, implemented as a Robotic Operating System (ROS) hardware interface for controlling the joint positions. 8 This allowed all joint positions, velocity, and effort limits to be set and enforced prior to being sent to the controller. The Cartesian control and planning was handled using the Moveit motion planning framework, 9 using the TRAC-IK plugin 10 and the open motion planning library 11 as the inverse kinematics solver and path planner, respectively. The acquired ultrasound A-lines were streamed to the robotic control computer over a ROS interface using a custom message type. Thresholded values of the ultrasound A-lines were plotted within a 3D volume in real-time using the position and orientation of the endoscope tip, as found using forward kinematics from the manipulator (Figure 2) . The raw and processed data was also saved to allow additional offline plotting using MATLAB.
EXPERIMENTS AND RESULTS
To demonstrate the potential of this robotic integration, a gel wax tissue mimicking phantom 12 was imaged ( Figure 3) . The phantom was based on vascular structures from a human placenta, extracted using 3D drawing software and converted to a 3D printed mould. Molten gel wax with solid glass spheres incorporated to was poured into the mould to form the tissue mimicking phantom. During scans a remote centre of motion (RCM) was set a fixed distance (160 mm) above the placenta phantom. This constrained the endoscope to pivot around this point, such that it did move laterally, a key feature for application to minimally invasive scenarios, where the endoscope must be stationary at the access point.
Two scan patterns were used; a square raster scan (80 × 80 mm, step size: 1 mm, scan time: 43 minutes), and a spiral scan (80 mm diameter, 40 cycles, scan time: 45 minutes). At each position in the scan the robotic manipulator paused for 0.1 s to ensure synchronicity. The resulting images show the surface vessels across the entire imaged region (Figure 4) . Additionally, back-scatter is visible through the first few millimetres. Signal descending below the placenta phantom was visible due to strong reflections occurring away from the endoscope direction originating from highly echogenic metal posts used to secure the phantom during the experiment. These data sets demonstrate the potential for OpUS to acquire large 3D images. 
CONCLUSION
In this work we demonstrate the integration of OpUS with a robotic manipulator. OpUS imaging provided A-lines with an imaging depth of 30 mm and an axial resolution of 60 µm. The OpUS probe used was integrated into an endoscope with space for a separate working channel, and a phantom was imaged. In future experiments the working channel may be used to house surgical tools, such as an optical fibre to provide laser ablation. Additionally, the OpUS probe can be optimised to provide improved lateral resolution. The divergence of the generated ultrasound beam could be reduced by using a concave ultrasound generating surface 13 or larger diameter planar surfaces, 14 to achieve a focus within tissue.
One advantage of the OpUS modality is the ability to integrate complementary modalities by tailoring the optical absorption profile of the ultrasound generating surface. 15 Previously this has been used to demonstrate co-registered ultrasound and photoacoustic imaging, but could be easily tailored to provide laser ablation through the same optical fibre as ultrasound generation.
For the current acquisition, a pause in the robotic manipulator motion was required to allow ultrasound data to be synchronised with endoscope tip position. This resulted in an acquisition rate of approximately 2.5 positions per second. However, the current system allows for 60 A-lines per second to be transferred and saved, thus in future work the acquisition speed will be improved by synchronising the computers used. This would allow for a ten-fold improvement in acquisition time.
The presented ultrasound images demonstrate the potential for large area (80 × 80 mm) OpUS imaging with robotic manipulation. In the context of surgery, these images would allow for depth ranging and imaging through murky environments, such as amniotic fluid. Further, additional processing would enable visualisation and identification of subsurface structures, such as vessels. The combination with robotics may ultimately lead to automation and feedback during procedures.
